The influence of phosphating temperature on the surface morphology and corrosion resistance of zinc phosphate coatings on mild steel was investigated. The phosphate layers were deposited on steel from phosphating bath at different temperatures (45 ~ 75 •C). The surface morphology and composition of phosphate coatings were investigated via scanning electron microscopy (SEM), and energy-dispersive X-ray (EDX). The corrosion resistance of the coatings was evaluated by polarization curves (anodic and cathodic) in an aerated 3.5% NaCl solution. The results showed that the increase in temperature of the phosphating bath up to 55 •C caused an increase in surface coverage and in turn resulted in better corrosion resistance. At high temperature (65 °C and 75 °C) the deposition coverage decreased indicating that the best coverage for the phosphate layer on the metal surface was achieved at 55 °C
Introduction
Phosphating is a conversion coating process can be described as a treatment of a metal surface which gives a reasonably hard and electrically non-conducting surface coating of insoluble phosphate [1] [2] [3] [4] . There are many phosphating systems which have been proposed, iron phosphate, manganese phosphate and zinc phosphate are three of the most common coatings used for steel corrosion protection [5] . Due to its economy, ease of formation, good corrosion protection and adhesion, zinc phosphating is widely used in many fields of industry such as automobile and domestic appliances [6] [7] [8] .
The performance of phosphate coating on steel depends on the fraction of the total surface area covered by the deposit [9, 10] . According to Machu [11] , the deposition of zinc phosphate coating is based on the conversion of the primary zinc phosphate to tertiary zinc phosphate and this is influenced either by an increase in pH or in deposition temperature. Since the tertiary phosphates are not soluble, under certain conditions, thin layers of these species can form on the metal surface before the metal has been treated. These layers interfere with the deposition and growth of zinc phosphate crystals and in turn produce phosphate coatings with poor coverage and inferior corrosion resistance. This kind of problems arises especially when the phosphating bath operates at a high temperature [12] . This is one of the most operational problems faced in the phosphating industry which called overheating, heated the bath to a temperature above that recommended for operation [13, 14] . On the other hand, low temperature does not favour the precipitation of tertiary phosphate, which consequently delays the coating formation. Therefore, operating temperature of the phosphating bath must be maintained at a specific range, where an equilibrium condition of the conversion of soluble primary phosphate to insoluble tertiary phosphate exists at that temperature.
According to the above statement, the operating temperature of the phosphating bath has a great influence in the deposition and properties of the phosphate coating. Hence, in this study the surface coverage, morphology and corrosion resistance of zinc phosphate coating formed on mild steel were investigated as a function of operating temperature of the phosphating bath with the aim of obtaining greater surface coverage and properties at lower bath temperatures.
Experimental
Sample preparation. Mild steel samples with 10 mm×15 mm×2 mm dimensions were used in the study; the chemical composition is given in Table 1 . The substrates were mechanically ground with a series of SiC papers up to 600 grits. The samples were then subjected to ultrasonic cleaning in acetone and rinsed with deionized water. The specimens after that were immediately immersed into the phosphating bath for 5 min at different temperatures. The chemical composition and operating conditions for the phosphating bath are listed in Table 2 ; pH of the bath was adjusted by adding a 50% NaOH solution. Eventually, the phosphated samples rinsed with deionized water and dried with compressed air. The experimental setup for the phosphating process is shown in Fig. 1 . The coating weight determination has been calculated according to the following formula [5, 6] :
where W is the phosphate coating weight per unit area, W 1 is the specimen weight after phosphating, W 2 is the specimen weight after the coating was eliminated using a 5% chromium trioxide solution for 15 min at 70 °C, and A is the surface area of the phosphated sample. The phosphating bath was then titrated with a 0.1 N NaOH solution. The free and total acidity of the phosphating bath were 3.15 and 27.65 points, respectively. The points correspond to the volumes of NaOH solution that used in the titration. Characterization of phosphate coating. The surface morphology and chemical composition of the phosphate coating were assessed by SEM using a Zeiss Supra Model 35VP and EDS. The corrosion resistance of the phosphated substrates was evaluated by potentiodynamic polarization (anodic and cathodic curves) measurements using a potentiostat/frequency response analyzer (AUT 71943, Autolab Instruments). An aerated 3.5% NaCl solution, maintained at 25±2 °C, was used as the electrolyte medium. The coated steel with an area of 1.5 cm 2 was used as the working electrode, whereas a silver/silver chloride electrode and a platinum wire were used as the reference and counter electrodes, respectively. The scan rate for polarization was 1 mV/s with a potential range of about ± 250 mV from E corr .
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Results and discussion
Coating morphology and composition. SEM micrographs of bare steel and of zinc phosphate coatings formed at different temperatures of the phosphating bath are presented in Fig. 2 . It is observed that, as the phosphating bath temperature increased to about 55 °C the surface coverage of phosphate deposition increased and the substrate was almost fully covered Fig. 2(C) . The coverage of phosphate coating decreased as the temperature reached to the range 65~ 75 °C, Fig.  2(D and E) . This could be attributed to higher temperature accelerating the coating reaction of the phosphate coating which in turn increases the rate of coating deposition, however increasing the bath temperature above recommended temperature causes an early conversion of soluble phosphate to tertiary phosphate before the metal surface has been treated. The insoluble phosphate species form thin layers on the metal surface which interfere with coating crystals deposition and growth and in turn produce phosphate coatings with coarse and poor coverage [11] .
The chemical compositions of the phosphate coatings obtained from EDS analysis are listed in Table 3 . The phosphate coatings mainly contained zinc, iron, and phosphorus. The lower content of Fe (20.58 %) appeared on the coating when the temperature of the phosphating bath was 55 °C, indicating that the coating has covered the metallic substrate with less porosity compared with other coatings that obtained at temperatures 45 °C, 65 °C, and 75 °C. In addition, the content of Zn and P which related to the coating deposition species were the highest at phosphating temperature of 55 °C. Phosphate coating weight. Fig. 3 shows the average coating weights obtained at various phosphating bath temperatures. It is observed that the coating weight increased rapidly as the deposition temperature of phosphating bath increased to about 55~65 °C. After that the coating weight slightly decreased as the temperature increased to 75 °C. This decrease in coating weight at 75 °C is due to the conversion of primary phosphate to tertiary phosphate before the metal surface has been treated. The insoluble species of tertiary phosphate deposit as solid particles on the metal surface which interfere with the formation and growth of the coating crystals. These results are consistent with SEM observation, which indicate high deposition and coverage of zinc phosphate coating at phosphating bath temperature of 55 °C. Fig. 4 . The corresponding corrosion potential (E corr. ) and corrosion current density (i corr. ) obtained from the polarization curves by Tafel extrapolation method are listed in Table 4 . The cathodic reaction in the polarization curves corresponds to hydrogen evolution, and the anodic reaction relates to the corrosion resistance of the phosphate layer [15, 16] . It is seen that, the corrosion current density of steel substrate decreased from 9.59 µA/cm 2 to about 7.3 µA/cm 2 ~ Fig. 3 . Variation of the phosphate coating weights obtained at various phosphating bath temperatures.
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2.77 µA/cm 2 of the phosphate samples. At the same time, the corrosion potential of phosphated substrates shifted to nobler direction indicating the phosphate layer has markedly improved the corrosion resistance of mild steel substrate. In addition, as the deposition temperature of phosphating bath increased from 45 °C to 55 °C, the corrosion current density decreased and the corrosion potential shifted to nobler values (in positive direction). This could be explained by that, the increase in phosphating bath temperature accelerates the coating reaction, which is conversion of the zinc primary phosphate to zinc tertiary phosphate, and in turn results in more coating deposition on the metal surface. High coating deposition definitely improves the corrosion resistance of the phosphated samples due to suppression of metal dissolution [17] . However, as the temperature of phosphating bath reached to 65 °C, the corrosion current density slightly increased and the corrosion potential decreased, indicating that the corrosion resistance of the phosphated substrates decreased at high temperature. This could be related to the poor coverage of phosphated samples at high temperature, as it observed by SEM micrographs Fig. 2 (D & E) , which caused by the early conversion of primary phosphate to tertiary phosphate before the metal has been treated (over heating problem). 
__________________________________________________________________________

Conclusions
The surface morphology, composition and corrosion resistance of zinc phosphate coating on mild steel substrate have been investigated as a function of temperature of the phosphating bath. It can be confirmed that phosphating temperature has a strong effect on deposition and the characteristics of the phosphate coating. SEM results reveal that the coverage of the phosphate layer increased as the temperature of phosphating bath increased to 55 °C. At high temperature (65 °C and 75 °C) the deposition coverage decreased indicating that the best coverage for phosphating layer on the metal surface was achieved at 55 °C. Electrochemical results in aerated 3.5% NaCl showed that the 
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corrosion current density of the phosphated substrates was minimum (2.77 μA/cm 2 ) when the phosphating temperature reached to 55 °C, indicating that the best corrosion resistance of the phosphated samples was obtained at 55 °C.
